Department of Biological
). Secthe horizontal myoseptum. To determine the origin of ondary neuromasts derived from primI have lighter purthese eya1ϩ cells, we followed cells by using a laser to ple staining, presumably resulting from proliferation and uncage fluorescent dye in primI at the beginning of its consequent dilution of the marker (see below). Additionmigration ‫62ف(‬ hpf) and then analyzed embryos at 6 dpf.
ally, unlabeled 2Њ neuromasts derived from primII (desigAt this time, 1Њ neuromasts were labeled (as expected), nated 2Њp) are distinguishable from the 2Њ neuromasts as was the chain of interneuromast cells, indicating that derived from primI (designated 2Њi) after staining with they are derived from primI (Figure1E). These interneuromast cells are distinct from but lie adjacent to foxd3-propidium iodide ( Figure 1I ). Together, these results sug- gest that interneuromasts cells laid down by primI are only 11 base pairs has a similar effect on neuromast numbers (15.2 Ϯ 0.27 neuromasts), while injection of a 2Њ neuromast precursors that contribute to the postembryonic lateral line. Furthermore, uncaging of both primI morpholino to mitfa, a gene required for pigmentation in zebrafish (Lister et al., 1999), has no effect on neuromast and primII result in labeling of all neuromasts at 5 dpf, indicating that at these early larval stages all 1Њ and numbers (7.0 Ϯ 0.12 neuromasts).
To support the idea that these excess neuromasts 2Њ neuromasts are derived from cells deposited by the primordia (Supplemental Figure S1 [http://www.neuron.
were precociously differentiating 2Њ neuromasts, we scored their timing of appearance (Figure 3 ). The initial org/cgi/content/full/45/1/69/DC1/]). deposition of 1Њ neuromasts in embryos injected with ngn1-MO was not different than in controls. In all emRegulation of Neuromast Number by the pLL Nerve bryos, neuromasts increased in number over the next 3 days; however, the increase was substantially accelerWe noted that interneuromast cells appear to remain quiescent while they are adjacent to the lateral line nerve ated in ngn1-MO-injected embryos. These data suggest that disrupting the lateral line nerve results in precocious and expand only after they move ventrally, suggesting that the nerve may negatively regulate their differentiadifferentiation of 2Њ neuromasts. We confirmed the role of the lateral line nerve in neurotion. To test this idea, we blocked lateral line nerve formation by inhibiting function of neurogenin1 (ngn1), mast differentiation by manual ablation. We aspirated the pLL ganglion in embryos at 21-22 hpf, after placodal which is required for the specification and differentiation of placode-derived neurons (Ma et Figure 4A ). Since the regenerating nerve does not restore normal neuromast patterning, we hypothesized that the nerve's repressive function on interneuromast cells is required soon after primI migration. To explore this idea, we extirpated the ganglion either soon after it was separated from the primordium or after the primordium and nerve had already extended down the trunk to the level of somites 10-12. Early ablation of the ganglion resulted in a marked increase in neuromasts at 4 dpf ( Figure 4B ), as already described. In contrast, after later ganglion ablation, the number of neuromasts was similar on both sides of the embryo up to somite 12, the position that the nerve growth cones and primordium had reached at the time of removal ( Figure 4C ). However, posterior to that level there was an increase in the number of 
Mutations Causing Precocious Neuromast Although extirpation of the pLL ganglion altered neu-
Formation Are Missing Glia romast patterning, we noted that by 4 dpf the ganglion In a screen for mutations affecting lateral line developand nerve had regrown (see Figure 2C ). We thus investiment, we identified three that showed excess neurogated the time course of axon regeneration. By 10 hr masts. We screened approximately 400 mutants in the after extirpation, we observed regrowth of Hu:GFP-Tü bingen stockcenter and also performed a new smallexpressing axons over several somite lengths (Figure scale screen (T.P., unpublished data). We isolated three recessive mutants that at 4 dpf possessed almost twice the number of trunk neuromasts as wt larvae, the same phenotype we saw in larvae lacking the pLL nerve ( or delay in glial migration, and the majority of these To test whether precociously differentiating neuroanimals (5/8) had excess neuromasts (16.6 Ϯ 1.46) on masts in cls arose via the same mechanism as ngn-mo, the experimental side compared to the control side we injected ngn-MO into one-cell stage embryos, one-(9.8 Ϯ 1.21). These fish had no other obvious neural crest quarter of which were cls homozygotes. cls;ngn-MO anidefects. Table 1 , and examples of transplants with 2 ng of foxd3 MO showed the excess neuromast are shown in Figure 7 . In some cases, we saw both phenotype at 4 dpf ( Figure 2G 7C). In these transplants, rescue correlated with large in interneuromast cells, and in 2Њ neuromasts. Similar uncaging experiments with primII at 42 hpf and fixation clones of glia that extended completely to the tip of the tail (Table 1 ; Figure 7D ), while glial clones that did not of the embryos at 7 dpf indicate that although it generates three to four neuromasts in cls mutants, it is not the extend completely failed to rescue (Table 1; Figure 7E ). In total we saw 100% rescue for those embryos that source of the precocious neuromasts (data not shown).
To assess whether secondary neuromasts might be had fully extending glial clones, regardless of whether or not they had placodally derived wt cells (Table 1; formed from increased proliferation of interneuromast cells, we incubated wt and cls embryos at 48 hpf and Figures 7B-7D and 7F ). Placodally derived wt cells alone fail to rescue hps and cls (Table 1) Figures 8I and 8J) . Proliferation continues We propose that the excess neuromasts found in embryos missing glial cells result from precocious proliferain cls at later times ( Figures 8G and 8N ). Taken together, these results suggest that 2Њ neuromasts are derived tion and differentiation of interneuromast cells. To address this issue, we compared the expression of eya1 from proliferating interneuromast precursors derived from primI. In embryos lacking glia, precocious proliferaamong wt, cls, and hps embryos at different stages of development. The distribution of eya1ϩ cells is different tion among the interneuromast precursors leads to accelerated addition of 2Њ neuromasts. Together these rein glial mutants; rather than forming a discrete line of cells, the interneuromast cells have precociously exsults suggest that interneuromast cells are latent precursors that proliferate to give rise to new neuropanded and resemble developing neuromasts ( Figures  8A and 8B) . Subtle expansion of the interneuromast cells masts after release from an inhibitory glial signal. begins even prior to the completion of primI migration ( Figure 8B ). The thickenings become progressively more Discussion defined at somite boundaries ( Figure 8C ), until by 3-4 dpf they appear to be neuromasts (Figures 8H and 8I) .
In this study, we provide evidence for glial cell regulation of sensory hair cell precursors. By a combination of in This corresponds with the developmental schedule of neuromast addition detected by DASPEI staining in all situ hybridization and cell labeling by fluorescein uncaging, we demonstrate that 2Њ neuromasts are generated the embryos lacking glia (see Figure 3) . We labeled primI in cls mutants by fluorescein uncaging to verify that it from latent precursors deposited between the 1Њ neuromasts by primI. These interneuromast cells remain quiwas the source of precocious neuromasts ( Figure 8J) . At 6 dpf, labeled cells were found in 1Њ neuromasts, escent while they lie adjacent to the lateral line nerve 
and associated glia; however, they increase proliferation cells. Taken together, our results support a model where nerve-associated glia control the timing of neuromast and differentiate into neuromasts after they move away from the nerve. Experimental elimination of the lateral precursors through inhibitory signals. line nerve or glia results in precocious differentiation of interneuromast cells. Restoration of wt glia into embryos
Sources of Secondary Neuromasts with mutations in cls/sox10 or hps rescues the approThere are several probable sources of secondary neuropriate temporal differentiation of the interneuromast masts, including the interneuromast cells described here. It has been shown previously that a second posterior-migrating primordium, primII, also gives rise to 2Њ ral crest has also been reported to contribute to lateral Our results suggest that, in the absence of glial cells, and loss of glia alters a function of the axons that is 2Њ neuromast precursors precociously differentiate. Acrequired for the proper temporal and spatial distribution celerated neuromast formation in the cls, hps, and rog of the neuromasts. We do not think that reducing electrimutants is an example in which the lack of an inhibitory cal activity of the nerve is sufficient to alter neuromast signal from one cell (glia) to the other (sensory precursor patterning, since treatment of fish with the Na ϩ channel cells) leads to premature differentiation of the latter. The blocker MESAB at a dose sufficient to prevent activityacceleration of neuromast maturation in mutant versus dependent apoptosis in the Rohon-Beard neurons (Svowild-type larvae is reminiscent of heterochrony, the term boda et al., 2001) did not produce the excess neuromast coined by Haeckel to describe the accelerated or rephenotype (K.A.G., unpublished data). However, we tarded development of a particular structure in an organcannot rule out that glia do not alter some other aspect ism compared to its ancestor (Haeckel, 1875; Hall, 1990). of nerve-neuromast interaction. Alternatively, glial cells Most heterochronic mutants have been isolated in may directly interact with interneuromast precursor screens in C. elegans (Ambros, 2000) and, to our knowlcells. One possibility is that adhesion to glial cells physiedge, cls, hps, and rog are among the first vertebrate cally prevents 2Њ neuromast coalescence; although this mutants that clearly affect developmental timing. seems unlikely to be the major mode of regulation, given
The timing mechanisms of neuromast deposition vary that cell proliferation is associated with formation of among different aquatic vertebrates. Pichon and Ghythe secondary neuromasts. We favor the idea that glia sen (2004) have recently analyzed neuromast patterning provide an inhibitory signal via cell contact or a shortin a number of organisms, including several teleost sperange secreted molecule. The inhibitory signal might be cies. In most teleosts, the pattern of deposition follows temporal; it might turn off simultaneous to the ventral that described for zebrafish, with a small number of movement of the cells away from the glia. Alternatively, neuromasts initially deposited, followed by several the regulatory cue might be spatial; it might function over waves of neuromast addition to reach the adult form. short range, so that when interneuromast cells move However, in the more derived protocanthopterygeans ventrally, they move away from the control of the glia.
(trout, pike), many more neuromasts initially develop, as We cannot yet distinguish between these possibilities. might be expected if precocious differentiation of 2Њ Regulation of precursors may be linked to suppresneuromasts were naturally occurring. It would be intersion of cell division and, once proliferation commences, esting to determine the origin of the excess embryonic differentiation may proceed apace. Alternatively, the neuromasts in these species. glial signal may suppress a differentiation program, of which early events include proliferation. Proliferation ocTemporal Regulation of Neuromast Development curs prior to the expansion of eya1ϩ cell clusters and Why do zebrafish regulate the pattern of neuromast deany obvious differentiation of hair cells (e.g., uptake of velopment? That some fish generate many more initial DASPEI) in both wt and glial mutants. Proliferation is neuromasts suggests that precocious differentiation is also precociously upregulated in both cls (Figure 8) and not necessarily detrimental to the organism. Indeed, hohps (data not shown) compared to wt embryos. While mozygous hps animals are viable, which implies that these observations support the idea that cues from the early differentiation of 2Њ neuromasts in zebrafish is not glia may regulate proliferation, we cannot tease out debilitating (at least in laboratory conditions). whether cell division is part of a differentiation cue. FurOne reasonable explanation for the temporal regulather understanding will require determining the molecution of neuromast development is that it allows the fish lar nature of the glial signal.
to Pascal confocal microscope or the Zeiss Axioplan 2 microscope, Different alleles showed no differences in neuromast phenotype. and images were processed in Adobe Photoshop. Wild-type strains were AB.
Fate Mapping Experiments and Immunohistochemistry Morpholino Injections
We used photoactivatable caged fluorescein for fate mapping of the Antisense morpholino oligonucleotides were obtained from Gene primordia using a protocol modified after Kozlowski methyl cellulose, and the primordia were illuminated with a MicroInjections were done at the one-to four-cell stage using a pressure point Laser System mounted on a BX51W1 Olympus microscope injection apparatus (ASI, Eugene, OR). using a 40ϫ water-immersion objective. Embryos were individually reared in 24-well dishes in the dark and fixed between 48 hpf and 8 dpf in 4% paraformaldehyde overnight at 4ЊC. After fixation, em-DASPEI Staining bryos were stored at Ϫ20ЊC in MeOH, then washed three times with Fish were anesthetized in MESAB (MS-222; Sigma, St. Louis, MO) PBS containing 1% DMSO (PDT). The embryos were then treated and incubated in 0.01% DASPEI (Molecular Probes, Eugene, OR) with acetone for 7 min at Ϫ20ЊC and subsequently washed three for about 10 min. Fish were then visualized using a Nikon SMZ1500 times in PDT. To inactivate endogenous alkaline phosphatase, emfluorescent dissecting microscope or a Zeiss Axioplan 2 microbryos were incubated for 10 min at 60ЊC. Subsequently, they were scope. Photographs were taken with a Spot Camera and software. blocked in NBT (PBST plus 10% newborn calf serum) for 1 hr at RT Images were processed in Adobe Photoshop.
followed by incubation in anti-fluorescein-AP Fab fragments (Roche) overnight at 4ЊC. The embryos were washed four times in PBST, Cell Extirpation then equilibrated for 5 min in reaction buffer followed by a color Extirpations were performed as described (Raible and Eisen, 1996) . reaction using 5-bromo-4-chloro-3-indolyl-phosphate ( Gompel, N., Cubedo, N., Thisse, C., Thisse, B., Dambly-Chaudiere,
